Abstract: If physics at the Planck scale requires new conceptions of spacetime, renormalizable field theories may generically develop significant violations of Lorentz invariance in the low energy sector. The little recognized "Lorentz Fine Tuning Problem" comes from logarithmic loop corrections which are not suppressed to the enormous extent commonly assumed. Finetuning of parameters at the Planck scale is one possible but unpalatable solution. Here we show that violation of Lorentz invariance is highly suppressed in a supersymmetric theory, the Wess-Zumino model. The suppression comes essentially due to the absence of quadratic divergences in the loop corrections. Since quadratic divergences are absent in all supersymmetric theories, our result is not restricted to the Wess Zumino model. We also obtain an estimate of the Lorentz violation expected due to soft supersymmetry breaking. We conjecture that supersymmetry may be further motivated by yet another fine tuning problem of ordinary quantum field theories. 
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Fine tuning problems are the primary topics in the search for physics beyond the Standard Model. Certain effects of mixing large and small scales are naturally suppressed by powers of the respective mass ratios, while others are not. Recently Collins et al [1] have highlighted a new "Lorentz fine tuning problem". The first assumption is that space-time ceases to be de-scribed by a single background metric at some short distance threshold. Presumably quantum field theory also ceases to make sense at short distances, being replaced by a larger framework of quantum gravity, implemented by space-time foam, extra-dimensions, strings, or something else. The second assumption is that renormalized quantum field theory applies on distances larger than the short distance threshold, with the short distance theory serving as a sort of boundary condition. Then we can use field theory to evolve the short distance effects up to the laboratory scale. The problem arises for renormalization of operators of dimension 4 in 4 dimensions: such operators change generically by logarithmic factors, not by power suppressions. With this simple insight, the invariable supposition that Lorentz-violating efffects of quantum gravity [2] should be always suppressed by enormous ratios [3] lacks any basis. Experiments showing no large Lorentz violating effects at the low energies of current experiments face a contradiction. One solution is to invoke exquisitely precise adjustment of parameters at the quantum gravity threshold: the Lorentz Fine Tuning Problem.
We ask whether the virtues of supersymmetry, so acclaimed for the gauge hierarchy problem, might usefully confront the threat of large Lorentz violation. In this context "large" violation simply means an effect of logarithmic order in perturbation theory, which would imply violations at the relative level of 10 −2 − 10 −4 , say -very large compared to the tiny values of any phenomenological studies. We find that a broad range of measures of Lorentz violation exhibit unexpected cancellations and have no logarithmic sensitivity in the Wess-Zumino model. This is unexpected and interesting.
The Lorentz Fine Tuning Problem is a much different matter than the experimental question of Lorentz symmetry breaking, which has a developing phenomenology [4, 5] not discussed here. Nor are we concerned with adding new operators of dimension-5 and higher in a local theory, which has been discussed in the SUSY case [6] . Other work discussing cutoff effects in Lorentz violating theories is relevant [7] , but we are concerned only with supersymmetric theories. We have not investigated the problem of whether all possible models of Lorentz violation that can be defined are suppressed in supersymmetry. Yet the fact that broad measures of Lorentz violation are highly suppressed in one supersymmetric theory strongly suggests that supersymmetry may either solve the Lorentz fine tuning problem, or instruct us towards finding theories that are acceptable.
Recall the Wess-Zumino model [8] , with Lagrangian density
where
This model needs regularization and we turn to implementing a Lorentzviolating cutoff. Even if Lorentz symmetry is broken, nothing stops one from expanding all fields, momenta, and breaking parameters in a complete set of Lorentz representations [5] . Completeness of representations will organize terms into convenient categories whether or not the symmetry is good. Three basic forms of cutoff are a scalar Λ, 4-vector parameters Λ µ and symmetric tensor parameters Λ µν . In a quantity with one external momentum k µ , Lorentz-invariant terms are functions of k 2 and the scalar cutoff, while Lorentz-breaking functions will depend on (k · Λ) 2 or k · Λ · k. We do not consider functions odd in k · Λ which depend on the direction of k µ . The SUSY invariance of our model would be broken by such odd dependence. A cutoff is basically a function f (∂ µ ) where
µ is the derivative operator. We assume that f (∂ µ ) is a function only of the four
where Λ µ are the cutoffs, either 4-vectors or tensor eigenvalues. This model of Lorentz violation is a bit more general than the study of Ref. [1] . We need not assume rotational invariance, of course. Regularization with terms involving k 0 can generate unphysical poles, violating causality and standard assumptions such as Wick rotation. At the same time not every form of regularization is diseased, so we have left the choice of regularization open.
We can now directly calculate the leading loop corrections to the scalar propagator. We wish to retain SUSY invariance in calculations, so we modify the free Lagrangian density L 0 + L m by inserting the cutoff function f in coordinate space between pairs of fields. An alternative nonlocal regularization of supersymmetric theories has also been proposed in Ref. [9] . However in the present paper we are interested in only modifying the propagators with a cutoff function, in direct analogy with the procedure used in Ref. [1] .
Quantization of such formally non-local field theories goes smoothly in the canonical way [10] . The regulated terms become
It can be verified that the action remains invariant under SUSY transformations.
We may now eliminate the auxiliary fields F and G. The Lagrangian terms needed for our calculation can be written as:
Note we have not inserted any cutoff function in the interaction lagrangian. The f (∂ µ ) dependence in the interaction terms arises entirely due to the elimination of the auxiliary fields. The diagrams that contribute to the self energy Π(k) of the scalar particle with momentum k are given in Fig. 1 . The contributions add to give:
There are several possible measures of Lorentz violation. In the low energy limit, meaning momenta small compared to Λ µ , non-trivial dependence starts at second order in k µ . Collins et al [1] consider a quantity ξ defined by a combination of second-derivatives: We adopt ξ as a measure, since our cutoffs have been arranged to maintain the feature that ξ = 0 when Π = Π(k 2 ), namely if Lorentz symmetry exists, with non-zero ξ probing symmetry-breaking. A typical derivative is
evaluated at k µ = 0. Here D q = q 2 − m 2 + iǫ, and f q = f (q µ ). Some algebra shows that the first term on the right hand side of Eq. 10 is proportional to (m/Λ) 2 , where Λ come from the set of Λ 0 , Λ i , times integrals that are at most logarithmically divergent. This term is negligible as Λ → ∞.
We simplify the second term in Eq. 10 by writing
Integration by parts yields
where the surface term at fixed Λ µ is zero and can be dropped. Similar manipulations lead to the expression,
The measure of Lorenz violation yields a surprising cancellation:
The integral on the right hand side is convergent even in the limit f q → 1.
Hence we can estimate it by setting f (q µ ) = 1 and then making a Wick rotation. The two terms in the integral cancel by Euclidean rotational invariance and hence we find that ξ is of order (m/Λ) 2 . In fact the three terms contributing to Π(k), Eq. 8, individually give contributions to ξ which are power suppressed. It is rather astonishing to find a finite term, however small, at low energy generated by Lorentz violation as a remnant of quantum gravity. It is a new form of observable reminiscent of the anomalous magnetic moment of the electron in QED, which by not appearing at zeroeth order, had to be finite in the right theory.
Let us examine the main source of the cancellation. In a generic theory without supersymmetry, the scalar self-energy is quadratically divergent. In that event we would get a term of the kind
The corresponding contribution to ξ would be of the form,
which is logarithmically divergent. This is the source of the LF T problem. Such a term does not arise in the parameter ξ in the supersymmetric theory due to the absence of quadratic divergences. The mechanism suggests that our result may be more general. Indeed we have only assumed that f (k µ ) regulates the integral in establishing that ξ is power suppressed and not made any further assumptions regarding its form. Furthermore since quadratic divergences are absent in all supersymmetric theories, such as the MSSM, we expect that LFT problem may be absent in these theories. We may also consider other possible measures of Lorentz violation which may be formed by taking higher derivatives of Π(k) in the limit k → 0. We find that all terms which involve more than two derivatives of Π(k) are convergent even in the absence of the cutoff function. Hence all measures of Lorentz violation constructed from more than two derivatives will be power suppressed. We are, therefore, unable to construct any measure of Lorentz violation which is not power suppressed.
We then find that reasonable measures of Lorentz symmetry breaking due to loop corrections are highly suppressed due to supersymmetry. Given the mechanism of suppression, it is perfectly justified to conjecture that supersymmetry may solve yet another fine tuning problem. However we cannot possibly examine all models in all possible ways. If something goes wrong in some different calculation, there is a tantalizing possibility that a special theory might have special features bringing some notion of uniqueness in the search for new physics.
We conclude with several observations:
• Any physical appeal to SUSY is an appeal to broken SUSY. If SUSY is broken at a mass scale M << Λ, our type of Lorentz-violation would be power-suppressed over the broad range, just as commonly imagined before the LF T crisis emerged. One might estimate Lorentz-violating effects using the new parameter ratio (M/Λ) 2 , which brings new scales into the problem. Here we are interested in soft SUSY breaking terms which would break the degeneracy between the SUSY partners. In order to make an estimate we assume that the scalars in our model acquire a large mass of the order of SUSY breaking scale M >> m. We then consider the quadratically divergent terms which contribute to Π,
We may now estimate the contribution to the Lorentz violating parameter ξ from these terms. The leading contribution, coming from quadratically divergent terms, will cancel among the two terms on the right hand side of this equation. The subleading term may be estimated by assuming a simple model,
Using this model we find that the dominant contribution to ξ is proportional to (M/Λ) 2 log(M/Λ). Since the Lorentz invariance has been tested to order 10 −20 , our estimate rules out SUSY breaking scales larger than 10 9 GeV, assuming that Λ is of the order of the Planck mass. Given this estimate of Lorentz violation, we may reconsider quantities capable of coherently accumulating very minute symmetry-breaking effects [11] .
• It is sensible to ask whether the Lorentz Fine Tuning problem might be a disease of perturbative physics, which is poorly suited to handling widely separated energy scales. There is no fine tuning problem in condensed matter or molecular physics because methods more sophisticated than perturbation theory are used. Despite popular appeal it is not really necessary to invoke SUSY just because Nature has big energy scales. The physical question is whether actual physical systems exhibit a vicious interplay of short distance symmetry breaking and long distance behavior. The elastic (acoustic) modes of a crystal are a prototype: while being massless due to a Goldstone symmetry [12] , and in the infrared region seemingly insensitive to the ultraviolet cutoff, their dispersion relations may be highly anisotropic due to the anisotropy of the smallest unit cell. One cannot escape the Lorentz Fine Tuning problem by calling it a pathology of calculational procedures. Of course condensed matter interactions are electromagnetic, leaving open what must happen under interactions with different renormalization properties.
• At this time the role of general covariance in microscopic physics is entirely unknown. With nothing but faith it is common to extrapolate the macroscopic phenomenology of General Relativity (GR) in a straightforward way, and assume its symmetries apply down to the shortest distance scales. Suppose there existed a way to calculate the evolution of the "renormalized metric", whatever that means, consistent with the symmetries of general covariance, all the way down to the Planck scale. Then the choice of the metric in a particular calculation reduces to a meaningless choice of gauge. Moreover, if the ambitions of GR are met in the most simple way, then one and only one metric serves everywhere in one universal way, so that one consistent calculation cannot falsify another. For certain "minimal-coupling" theories it will not be possible or meaningful locally to resolve whether or not Lorentz violation in a renormalized metric exists. Yet experiments in microscopic physics are very local, integrating over tiny distances set by ex-ternal momenta. Then the question of Lorentz violation would hinge on correlations and fluctuations comparing what is meant by the metric in different circumstances. The notion of a simple set of background parameters violating Lorentz invariance is utterly inadequate for this task. Lacking a framework in which to carry out such calculations, further prognostication seems unjustified: there may be millions of variations, one unique resolution, or no resolution possible. Moreover, the prospect of non-minimally coupled Lorentz-violating theories opens a Pandora's Box of new possibilities.
We come to the surprising realization that the scope of the Lorentz fine tuning problem may be very broad and deep. Would experimental detection of Lorentz violation rule out general covariance in microscopic physics, or simply reject its most naive interpretation? Will that class of theories ignoring either SUSY or general covariance, meaning all ordinary quantum field theories, confront the Lorentz Fine Tuning Problem without defense, and then be ruled out indirectly? Can resolution of LF T point the way towards constructing phenomenologically realistic theories?
